Abstract In order to clarify the Ca2+ mediated regulatory mechanism of vascular smooth muscle,the correlation between Ca2+ movements in the cell and mechanical response was investigated using isolated rat aorta and bovine basilar artery.K+ induced contraction of vascular smooth muscle required Ca2+ in the medium,and the contraction was always associated with a large increase in Ca2+influx.In the absence of external Ca2+,norepinephrine(NE)or serotonin(5HT)induced rapid contraction of the aorta and basilar artery,respectively.Caffeine(20 mm)also induced tension in the absence of Ca2+ The results obtained in these experiments suggest that at least four kinds of calcium exist in bound from in the cell,i.e.,(1)loosely and(2)tightly bound calcium on the external surface of the cell membrane,(3)calcium localized in the internal surface of the cell membrane and(4)calcium stored in the intracellular store site,such as the sarcoplasmic reticulum. The intracellulary stored calcium,both(3)and(4),which can be mobilized by the action of certain drugs(NE,5HT or caffeine),probably plays an important role for the regulation of the mechanical activity of vascular smooth muscle.
It is certain that the mechanical activities of muscle cells,including vascular smooth muscle cell,are controlled by the myoplasmic calcium concentration (EBASHI and ENDO,1968) .At rest,intracellular Ca2+ is maintained at an extremely low level and upon stimulation,Ca2+ is introduced into the cell from various sources( VAN BREEMEN et al.,1973) ,such as(1)external medium through the cell membrane,(2)mobilization of membrane bound Ca or(3)release from the internal store sites(sarcoplasmic reticulum,SR) (DEVINE et al.,1972) .The utilization mechanism of activator Ca2+might be complicated because the rate of Ca re-lease from the sources may depend on the nature of stimulus as well as the kind of muscle (GABELLA,1973; DISALVO and SCHMIDT,1976; HUDGINS and WEISS,1968) ;moreover,these Ca stores seem to be functionally interrelated with each other.
To clarify the mechanism that regulates the tone of vascular smooth muscle, we investigated the characteristics of vascular muscle membrane as a binding site for Ca.The correlation between cellular Ca movements and change of myoplasmic Ca concentrations,which is reflected by the tension development of the muscle,was analyzed.
The results of this experiment suggest that the existence of at least three kinds of Ca binding sites on the external and internal surface of the cell membrane , besides the Ca stored in the intracellular sites(SR). VAN BREEMEN et al.,1975) which removed Ca bound to the external surface of the membrane.Then the specimen was blotted,weighed and solubilized with tissue solubilizer(NCS).Calcium,which was taken up into the cells,was measured by the radioactivity of 45Ca utilizing a liquid scintillation counter(Pakard tri-cub).The efflux of Ca was represented as the loss of 45Ca which had been previously loaded to the sample in 1.6 mM Ca(45Ca)Krebs solution for two hours,after the transfer of the sample into Ca2+ free Krebs,followed by 10 mM LaCl3 treatment.Therefore,the efflux in this experiment indicated the loss of Ca from internal stores.The solubilization of tissues and the procedure for the measurement of 45Ca-radioactivity were the same as those used for Ca2+ influx measurement.
MATERIALS AND METHODS

RESULTS
K+,NE and 5HT induced contraction of aorta and basilar artery Addition of concentrated KCl(final K+ concentration,45 mM)into the bathing medium(Krebs solution)induced contraction of the both aortic and basilar arterial strips,as shown in Fig.1 .The mechanical response of the aorta in hypertonic K+ solution was much larger than that of the basilar artery.In isotonic K+(125mM)solution,tension development of the basilar artery,however,was several times greater than that in hypertonic K+solution (Fig.1b) .NE induced contraction of the aorta at extremely low concentration range(10-9 M),and the maximum response was obtained at 10-6 M.On the other hand,the basilar artery barely responded to the addition of NE whereas 5HT induced large tension at a concentration comparable with the NE concentration used on the aorta.5HT induced tension in the aorta,however,NE was a much more effective stimulant for contraction in the aorta than 5HT (Fig.1a) .
Contraction in Ca2+ free medium
As shown in Figs.2a,b and 3a,b,there were large differences between the response of aorta to high K+ and NE stimulations in a Ca2+ free(0.1 mM EGTA) medium. Tension induced by high K+ was reduced to less than 1/10 of what it had been in Krebs(1.6 mM Ca2+)within one minute whereas NE induced about 50% and 25% of original tension after one and 15 min incubation,respectively,in Ca2+free medium.
5HT induced contraction of the basilar artery in Ca2+ free medium was also decreased.However,reduction of the tension during the short incubation in Ca2+ free medium was significantly smaller than that of NE-induced contraction of the aorta (Figs.2a, b and 3b, c) .By the prolonged incubation in the Ca2+ free medium,5HT induced tension of basilar artery was reduced in considerable degree,however,when the tissue was returned to the Krebs solution containing Ca2+,its ability to respond to 5HT stimulation recovered up to 80% of that in Krebs solution (Fig.3c) .Response of aortic strip to 5HT was reduced by the incubation of the specimen in Ca2+ free medium (Fig.3d) similar manner with that observed in NE-induced contraction (Fig.3b) .
Caffeine induced tension
Caffeine induced phasic contraction of vascular smooth muscle (Fig.1) however,the concentration of caffeine used to cause the maximum response of the muscle was as high as 50mM for both aorta and basilar artery.Tension induced by caffeine varied depending on the Ca2+ concentration in the medium (Fig.4) . Caffeine also induced the tension of both muscle strips in Ca2+ free medium. As shown in Fig.5 ,aortic strip lost its responsiveness to caffeine after 20min incubation in Ca2+ free solution whereas basilar artery responded much longer although its tension was reduced to about 25% of what it had shown in Krebs solution.The recovery process in the Krebs(1.6mM Ca)solution was also time dependent (Fig.5) .
Ca2+fluxes
Ca influx,represented as 45Ca retained by the specimen after La3+treatment,
(c) occurred biphasically in the control medium,a rapid initial phase and a subsequent slow one.High K+ in the medium accelerated the rate of Ca2+influx in both phases markedly in either aortic or basilar arterial tissue,as shown in Fig.6a and c. The time taken by tension development in the aorta induced by high K+ was well correlated with that of the initial phase of Ca2+influx (Figs.1  and 6a ).NE increased the Ca2+ influx of aortic tissue,but 5HT had no effect on the Ca2+move-ment across the cell membrane of the basilar artery (Fig.6c) .There was no positive correlation between the Ca2+influx and 5HT induced contraction of the basilar arterial strip.
The Ca2+ efflux,measured as the loss of preloaded 45Ca,was reduced by the presence of K+ in the medium (Fig.6b,d ).It is clear that K+ accelerates and decelerates the rate of Ca2+ influx and efflux,respectively,of the cells in aorta and basilar artery.On the other hand,NE enhances the rate of both influx and efflux of Ca2+ through the aortic cell membrane (Fig.6a,b) .5HT had no effect on the Ca2+ fluxes of the basilar artery (Fig.6c,d) . Figure 7 shows another profile of the differences between the actions of NE and 5HT on Ca2+ release(exchange)of the vascular smooth muscle.The curve represents the remaining 45Ca which had been loaded to the aorta(a)and basilar artery(b)for two hours and subsequent incubation in the medium containing various concentrations of Ca2+(no 45Ca)for 15min.Ca2+in the medium apparently accelerated the rate of 45Ca release from the tissue,probably by the exchange between Ca bound to the cell and free Ca2+in the medium.In aortic tissue,presence of 2mM EGTA reduced the Ca retained by the cells and La3+ further reduced Ca content of the tissue,probably by replacing the tightly bound Ca on the membrane.It should be noted that NE reduces the amount of retained Ca in the aortic tissue in either medium which contains Ca2+or no Ca2+,even in the presence of 10 mMLa3+ (Fig.7a) .On the contrary,5HT had no effect on Ca release from the basilar arterial cells.Moreover,presence of 2mM EGTA in the medium reduced 45Ca retained by the basilar artery,much more extent than that caused by 10mM La3+ treatment (Fig.7b) Ca is utilized for the activation of contractile proteins,since smooth muscle can contract upon certain stimulus in Ca2+ free medium,as shown in this experiment and others( VAN BREEMEN et al.,1973,BOSE and INNES,1975) . Several workers have morphologically and biochemically proved the existence of Ca binding site(s)in smooth muscle cell,such as the internal surface of the cell membrane (PoPEscu et al.,1974; DEBBAS et al.,1975; ATSUMI and SUGI,1976 )and the sarcoplasmic reticulum and mitochondria (SOMLYO et al.,1977; MCGUFFEE and BAGBY,1976) .Isolated cell membrane and sarcoplasmic reticulum from varieties of smooth muscle exhibit Ca accumulating ability in the presence of ATP and Mg2+ (FITZPATRIC et al.,1972; HURWITZ et al.,1973; YAMASHITA et al.,1976; WEI et al.,1976) .
The mechanical response of the aortic strip to high K+ depolarization requires presence of Ca2+in the medium and acceleration of Ca2+influx by K+ indicates that upon depolarization,Ca bound to the outer surface of the cell membrane (Ca that is easily exchangeable with that in an external medium)enters into the cell and is responsible for the contraction.
NE induces strong contraction of the aortic strip in Ca2+ free medium (Fig.2 ) and also K+ depolarized muscle( VAN BREEMEN et al.,1973; BOSE and INNES,1975) . Although NE enhances Ca2+influx into the cells in Krebs solution (Fig.6a) ,it seems that the primary action of NE on contraction of vascular smooth muscle is to mobilize the bound Ca probably located on the internal surface of cell membrane.The time required to reduce the NE induced contraction in Ca2+ free medium,shown in Fig.3b ,may reflect the decrease of cellulary bound Ca(internal surface of membrane)which is not readily released by lowering the external Ca2+ concentration and by La3+ treatment,but released by the action of NE.There is a possibility that NE can release Ca from intracellular store sites as suggested by several workers( VAN BREEMEN et al.,1973; HINKE,1965) ,however,the marked increase of Ca2+ influx in the presence of Ca2+and acceleration of Ca2+efflux in the presence of La3+ (Figs.6a and 7b) shown in this experiment and also by GODFRAIND(1976) ,cannot be attributed to the release of Ca from the intracellular store sites by NE.
5HT induced tension of the basilar artery is reduced in Ca2+free medium, however,much more slowly than that of the aorta(only 10% reduction of tension in one minute whereas 50% reduction in NE induced tension of aorta).This fact suggests that in 5HT induced contraction of basilar artery,extracellular or loosely bound Ca plays only a minor role,whereas Ca released from the intracellular store sites may act as a principal activator.The effect of La3+ on Ca efflux of the basilar artery,shown in Fig.7b ,may indicate that the capacity of Ca pools on cell membrane of the basilar artery is small and most of the cellular Ca is stored in intracellular sites,such as SR and mitochondria,since La3+ is known to remove tightly bound Ca on the outside of the membrane and blocks the fluxes through the cell membrane( VAN BREEMEN et al.,1972) .The small mechanical response of basilar artery to NE stimulation (Fig.1b) ,which primarily mobilize the membrane bound Ca,would also indicate that only small amount of Ca is bound to the internal surface of the cell membrane.Thus,5HT
induced contraction of basilar artery,shown in Fig.3c ,could be the reflection of Ca retained in the intracellular sites during incubation of the muscle in Ca2+free medium.
Morphological examination of the basilar artery suggests the possibility of having large intracellular Ca pools.As shown in Fig.8 ,there are many internal membrane system(SR)which exist inside of the cell membrane,as distinguished from the invagination of the surface membrane(caveolae).Existence of similar structure in other kinds of smooth muscle cells has been shown by DEVINE et al. (1972). Caffeine has been known to cause contracture of skeletal muscle by releasing Ca from SR (WEBER and HERZ,1968; ENDO,1975) .In smooth muscle,caffeine induces transient increase of tension (Fig.1) .This tension may be attributed to the release of membrane bound Ca as well as that stored in SR (DETH and CASTEELS,1977; SUNANO and MIYAZAKI,1973) .The differences between responses to caffeine in aorta and basilar artery in Ca2+ free medium,shown in Fig.5 ,may indicate the activator Ca comes from a different sources.The fact that the basilar artery maintains its responsiveness to the caffeine stimulation in Ca free medium for considerable of length of time although the tension is reduced to 1/4 of what it had been (Fig.5b) ,suggests the activator Ca,at least in part,is localized at the site where the extracellular Ca gives little effect,i.e.,intracellular site.
The results obtained in the present experiments suggest that the existence of at least three kinds of bound form of Ca to the cell membrane of smooth muscle, together with Ca immobilized in the intracellular store site(s),viz., (1) 
